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Introduction
Studies have focused on the effects of maternal diets on the body weight of the offspring, uncovering potential epigenetic obesity factors [1] [2] [3] . Over-and undernutrition in utero are found to have similar effects, with studies in rats and humans showing undernutrition during select periods of prenatal development to increase body weight of the offspring [4] [5] [6] and perinatal overnutrition to increase both food intake and body weight [7] [8] [9] [10] [11] [12] [13] [14] . Further studies have identified brain mechanisms that might, in part, explain these effects, with maternal obesity or excessive consumption of a highly-palatable diet being linked to changes in hypothalamic neuropeptides and circulating levels of triglycerides that affect food intake in the offspring [10, [15] [16] [17] [18] .
Although prenatal nutrition studies have focused mainly on aberrant metabolic outcomes in the offspring, recent studies have begun to assess the influence that specific diets in utero can have on their appetitive behavior. This extension of focus from metabolic to reward mechanisms has been, in part, spurred by studies showing that prenatal diets can affect the offspring's preference for palatable foods [10, 11, 19, 20] , while producing concomitant aberrations in reward pathway-related neurochemicals and expression of the associated genes [19, 21, 22] . Given this suggestion that highly-palatable diets in utero can sensitize several reward-related brain systems, the present study aimed to assess drug reactivity in animals exposed prenatally to palatable diets.
Further, previous studies have shown that the effects of high-energy diets during gestation differ from those that are seen when such diets are given during the pre-weaning stage [23] [24] [25] . This suggests that exposure to palatable foods might differentially affect behavior in the offspring depending on whether the animals are exposed in utero or during nursing. Thus, the present study was designed to isolate the possible effects of palatable-diet exposure during the gestational versus lactation periods, in order to see their independent effects on drug reactivity.
Lastly, obesity and being overweight are pre-existing conditions in 40% of women who are initiating pregnancy [26] . This increased body weight is most likely due to excess intake of highly-caloric, palatable foods, which often contain both fat and sugar and are craved by women during pregnancy [27] . Also, these different nutrients, fats vs. sugars, have been shown to differentially affect brain reward systems [28] .
Therefore, in the present study, we tested different palatable foods that are either predominantly fat or predominantly carbohydrate (sugar). We also compared two different sweeteners, sucrose vs. high-fructose corn syrup (HFCS), since some studies suggest that there may be differences in their metabolic effects [29, 30] .
Materials and methods

Animals
Pregnant Sprague-Dawley rats (220-240 g) from Charles River Breeding Laboratories (Hartford, CT) were delivered to the animal facility on embryonic day 5 (E5). The dams were individually housed in flat-bottom plastic cages, in a fully AAALAC-accredited facility (room temperature: 22°C, with a 12:12 h light-dark cycle with lights off at 0600 h), according to protocols as specified in the NIH Guide to the Care and Use of Animals and also with approval of the Princeton University Animal Care and Use Committee.
2.1.1. Experiment 1: the effects of high-fat diet vs. control diet exposure in utero on triglyceride levels and ingestive behavior Dams were maintained with ad libitum access, from E6 onwards, to either a high-fat diet (5.15 kcal/g; HFD), or a control, balanced diet (4.29 kcal/g; CD). Both diets were nutritionally complete and prepared in the laboratory [10] . Diet composition was calculated as percent of total energy, with the HFD containing 50% fat, 25% carbohydrate, and 25% protein and the CD containing 25% fat, 50% carbohydrate, and 25% protein. In this study, a CD was used, rather than a low-fat diet, in order to mimic those levels of fat recommended for human consumption. Standard lab chow (Purina Rodent Chow 5001) was also available for 3 days (until E9), while the dams adapted to the mixed diet. Over the course of the experiment, dams' food intakes were measured three times per week, and body weights were recorded weekly. On postnatal day 1 (P1), litters were culled (n= 10/litter), and pups were crossfostered to dams on a CD. Pups born to CD dams were cross-fostered to different CD dams. On P22, female pups were weaned and maintained on ad libitum rodent chow (n =12-13/group). The male offspring were used in a different study.
2.1.1.1. Alcohol training. Beginning on P25, rats were trained to drink unsweetened alcohol [31] , which was offered for 12-h daily (starting 4-h into the dark period); every 4-8 days, the concentration of ethanol was increased in the following manner: 1%, 2%, 4%, 7%, 9%, 10%, 12% (v/v). Standard chow and water were available ad libitum. Alcohol was measured daily at the 9-12% concentrations, and chow intake was measured every 4 days, which allowed for chow at each concentration of alcohol to be analyzed.
Triglyceride analysis.
On day P69, blood samples were obtained 1 h after alcohol access (5 h into the dark cycle) using methods previously published [32] , to be tested for serum triglyceride levels (Triglyceride Assay kit; Sigma-Aldrich Co., St. Louis, MO). This was done because increased triglyceride levels have been associated with alcohol [33] as well as HFD intake [34] , and have been noted in animals exposed to HFD in utero [7, 35] .
2.1.1.3. HFD intake. Following alcohol tests, intake of HFD was measured using the same HFD diet that was given to designated dams during pregnancy. On P69 (after the blood sample collection described above), chow was removed, and rats were given 1 h access to the HFD, starting 5 h into the dark cycle (no standard chow was available during the tests, but water was available). This daily 1-h access to HFD was given for 5 consecutive days, and intake was averaged across the final 3 days of access.
2.1.2. Experiment 2: the effects of sucrose vs. HFCS exposure in utero and pre-weaning on alcohol intake (females) and amphetamine-induced locomotor activity (males)
As in Exp. 1, pregnant rats were delivered on E5 from Charles River Breeding Facility. Upon delivery, the experimental groups were given ad libitum access to rodent chow (Purina, 3.02 kcal/g, 13.5% fat, 58% carbohydrate, and 28.5% protein), water and either a 10% sucrose solution (0.4 kcal/mL; w/v) or 16% HFCS solution (0.48 kcal/mL; Nature's Flavors; v/v), which were selected because of similar caloric value and palatability. The control group was fed standard chow and water only. Dams' sugar intake was measured daily, and food intake and body weight were measured every 3 days.
On P1, litters were culled (n= 8/litter), and pups were crossfostered such that rats born to HFCS or sucrose-consuming dams were nursed by chow-fed dams, and likewise, in order to assess the effects of exposure to these diets during the pre-weaning period, rats born to chow dams were nursed by HFCS or sucrose-consuming dams (Fig. 1) . Pups born to dams in the control group were cross-fostered to different chow-fed dams. On P22, all pups were weaned, individually housed and maintained on ad libitum rodent chow (n= 12 males/group, n = 12 females/group). Body weights and food intake were recorded weekly for the duration of the experiment, with selected time points used to analyze chow intake (P45 and P85).
2.1.2.1. Alcohol training. Beginning on P25, female rats were trained to drink unsweetened alcohol as described in Exp. 1. This was done to see if the effects of a high fat, palatable-diet in utero on alcohol intake (Exp. 1) extended to other palatable foods, such as sugars, and also to assess the effects of exposure to such diets during the nursing period on future alcohol consumption. Fig. 1 . Diagram of the cross-fostering procedures used in Exp. 2. Rats born to chow-fed, HFCS-fed or sucrose-fed dams were cross-fostered to allow for the independent assessment of diet during gestation or pre-weaning on behavior, body weight and triglyceride levels. the end of the study (P180) to again analyze triglyceride levels. Blood was also collected on P58 and P180 for the male rats for assays.
2.1.2.3.
Amphetamine-induced locomotor activity testing. Beginning on P170, male rats were tested for amphetamine-induced locomotor activity. Locomotor activity was measured in a computerized 43.2×43.2 cm, open-field activity chamber with 30.5 cm high acrylic sidewalls and 16 infrared photocells on each of the three axes (MED Associates, Georgia, VT). Testing occurred 5-10 h into the dark cycle. Rats were allowed to habituate to the activity chamber for 15 min. Then, they were administered an i.p. injection of saline and locomotor activity was measured for 30 min, in order to establish a baseline activity level that controls for the handling and injection procedures. Locomotor counts were quantified as the number of infrared beam breaks. Each rat was then administered 0.5 mg/kg, i.p., amphetamine sulfate (Supreme Pharmaceutical Co., New York, NY, USA) dissolved in saline. Animals were placed back in the activity chamber for 15 min for the drug to take effect, and then locomotor activity was again measured for 30 min. Data were analyzed individually for each rat, comparing the change in locomotor activity in response to saline vs. amphetamine.
Statistical analysis
Body weight (g) and alcohol intake data (g of alcohol/kg rat body weight) were analyzed with repeated measures ANOVA, with post hoc Student's t-test, Tukey test, or one-way ANOVA, as appropriate. Triglyceride levels, HFD intake, and locomotion were analyzed using a one-way ANOVA (with post hoc t-tests) or independent group t-tests, as appropriate. To control for group differences in baseline activity, the activity levels following amphetamine injection were calculated by normalizing the data to the individual rats' saline-injection baseline.
Results
Experiment 1:
HFD in utero increases body weight, HFD intake, alcohol intake and circulating triglyceride levels in female offspring 3.1.1. Nutrition of the dams During pregnancy, there was no difference between groups in body weight (F(1,13) = 1.95, p = n.s.; E21: CD = 328.4 ± 12.2 g, HFD=342.9±16.1 g) or average daily kcal intake (F(1,12)=3.54, p =n.s.; mean daily intake E10-E21: CD=64.4±4.6 kcal, HFD=78.7± 6.0 kcal). There was also no difference in number of pups per litter between groups (F(1,11) = 0.68, p = n.s.; CD = 12.1 ± 0.6 pups, HFD = 13.0 ± 1.0 pups).
HFD in utero is associated with increased body weight in adulthood
Before weaning (P15), there was no difference in body weight between rats exposed to CD vs. HFD in utero (t(24) = 0.95, p = n.s., Fig. 2A ). However, post weaning (P22 and onward), there was a main effect of time (F(12,240) = 760.47, p b 0.0001) and an interaction between time and group (F(12,240) = 2.47, p b 0.01; Fig. 2A ). By the end of the study (P111), those rats with in utero exposure to HFD had increased body weights compared to rats born to CD dams (t(22) = 2.08, p = 0.05).
HFD in utero is associated with increased alcohol intake, but does not affect chow intake
There was a main effect of prenatal dietary fat content on the offspring's alcohol intake (F(2,42) = 3.24, p = 0.05) but no interaction between alcohol concentration and group (F(2,42) = 0.01, p = n.s.). However, a significant group difference was noted (F(1,21) = 4.58, p b 0.05), with post hoc Student's t-tests at each alcohol concentration showing the HFD-exposed rats to consume significantly more unsweetened alcohol at the 9% (t(21) = 2.08, p = 0.05), 10% (t(21) = 2.09, p b 0.05) and 12% (t(21)= 2.12, p b 0.05) concentrations as compared to the CD-exposed offspring (Fig. 3 ). There were no group differences in their average daily water intake (e.g., at 9% alcohol: t(24)= 0.03, p =n.s., CD =17.2 ±1.7 mL, HFD =17.2± 1.6 mL), average daily chow intake (e.g., at 9% alcohol: t(24)=0.48, p=n.s., CD=59.4± 2.1 kcal, HFD=61.4±3.8 kcal), or total daily caloric intake (alcohol kcal +chow kcal; e.g., at 9% alcohol, t(23)=1.29, p =n.s.; CD=59.7± 2.1 kcal, HFD=64.4±3.0 kcal). Fig. 2 . Body weight of female offspring from Exp. 1 fed either a control diet (CD) or a high-fat diet (HFD) in utero. While there was no significant difference in body weight at P15 (A), by P111 (B) the offspring of the HFD-fed group weighed significantly more than the CD-fed control offspring. *p b 0.05, error is SEM. Fig. 3 . Alcohol intake of rats from Exp.1. Female offspring of high-fat diet (HFD)-consuming dams consumed more unsweetened alcohol at 9, 10, and 12% during the 12-h access period, compared to offspring born to control dams (CD). *p b 0.05, error is SEM.
HFD in utero is associated with increased circulating triglyceride levels in adulthood
Measurements of circulating triglycerides at P69 showed significantly higher levels in the offspring with in utero exposure to HFD compared to those with CD exposure (t(24)=2.7, p b 0.05; 59.0± 3.5 mg/dL vs. 42.5± 16.5 mg/dL, respectively).
HFD in utero is associated with increased intake of HFD in adulthood
When measured at P71-P73, rats with in utero exposure to HFD showed greater intake of HFD in the 1-h access period over the 3-day test, compared to those animals with in utero exposure to CD (t(23) = 2.3, p b 0.05, mean 1-h intake: 27.5± 0.6 kcal vs. 24.8 ± 1.0 kcal, respectively). 
Body weight of offspring
Cross-fostering of the offspring resulted in five groups ( Fig. 1): (1) HFCS in utero/chow weaning, (2) sucrose in utero/chow weaning, (3) chow in utero/HFCS weaning, (4) chow in utero/sucrose weaning, and (5) chow in utero/chow weaning. There was a significant difference between the groups in terms of pre-weaning body weight (P15; females: F(4,58)=6.62, pb 0.001; Fig. 4A ; males: F(4,59)=9.31, pb 0.001; Fig. 5A ). While females born to dams fed HFCS (pb 0.01) or sucrose (pb 0.01), or nursed by HFCS-fed dams (pb 0.01) had decreased body weight compared to offspring born to chow-fed dams, the opposite change was seen in the males, with those born to dams fed sucrose (pb 0.05) or nursed by sucrose-(pb 0.05) or HFCS-fed (pb 0.001) dams weighing significantly more compared with those born to chow-fed dams.
After Post hoc tests revealed that, at the end of the study (P180), males and females nursed by HFCS-or sucrose-fed dams had increased body weights compared to chow-fed controls (pb 0.05, Fig. 5B; p b 0.001, Fig. 4B respectively) . Further, females born to sucrose-fed dams and males born to HFCS-fed dams weighed significantly more than those animals born to the chowfed controls.
Serum triglyceride levels were different in offspring
For the male offspring, at P58 there was a statistically significant difference among the groups, with males nursed by HFCS dams having elevated serum triglyceride levels (F(4,59) = 4.64, p = 0.003; Chow = 140.4 ± 11.1 mg/dL, pre-weaning HFCS= 204.5 ± 10.9 mg/dL, pre-weaning sucrose= 150.2 ± 12.2 mg/dL, in utero sucrose= 128.6 ± 14.6 mg/dL, in utero HFCS= 163.3 ± 17.3 mg/dL). This difference, however, was no longer apparent when blood was collected again on P180 (F(4,59)=2.27, p=n.s.) . Also, there was no difference in serum triglyceride levels among the female offspring, either on P55 (F(4,58)= 0.84, p=n.s.) or at the end of the study (P180; (F(4,57)=1.66, p=n.s.).
Sucrose or HFCS in utero is associated with increased alcohol intake in female rats
With these tests performed in the female rats, there was a significant difference between groups in terms of alcohol intake at the 9% and 10% concentrations (F(4,57) = 3.68, p b 0.01, F(4,56) = 3.0, p b 0.03, respectively; Fig. 6 ). Pair-wise comparisons indicated increased alcohol intake only in the rats with sucrose or HFCS exposure in utero compared to controls (pb 0.05) There were no differences in water intake between groups (e.g., at 9% alcohol, water: (F(4,57) = 1.49, p = n.s., Chow = 32.7 ± 3.5 mL, pre-weaning HFCS= 38.2± 3.8 mL, pre-weaning sucrose = 34.3 ± 3.5 mL, in utero sucrose= 26.5± 5.4 mL, in utero HFCS = 18.6 ± 5.4 mL).
Chow intake differences were noted in female rats
Differences in chow intake were also noted in the female rats (P45: (F(4,58) = 4.23, p b 0.005) and P85:(F(4,58) = 5.9, p b 0.001)), with pair-wise comparisons indicating that those rats born to the HFCS-consuming dams ingested less chow than those born to chowfed controls (p b 0.001; Table 1 ). There was no difference in chow intake between the male groups (P45: (F(4,55) = 1.14, p = n.s.), P85: (F(4,55) = 1.92, p = n.s.)).
3.2.6. Rats born to or nursed by sucrose or HFCS dams, compared to those born to chow-fed controls, were hyperactive in response to amphetamine challenge Additional analysis examining amphetamine-induced locomotor activity showed differences in baseline locomotor activity between groups (F(4,59) = 3.87, p b 0.01), with post hoc Tukey tests indicating that the rats born to sucrose-consuming dams were hypoactive compared with all the other groups (p =0.05). After normalizing the activity counts to the individual rat's baseline, there was a significant difference between groups in terms of amphetamine-induced locomotor activity (F(4,57) =2.67, p b 0.05, Fig. 7) . Post hoc Student's t-tests indicated that rats born to or nursed by sucrose and HFCS dams were hyperactive compared to those born to chow-fed controls (pre-weaning HFCS: pb 0.01; pre-weaning sucrose: p b 0.02; in utero HFCS: p b 0.05; in utero sucrose: p b 0.05).
Discussion
Despite the fact that critical brain development is known to occur during the perinatal period, we understand relatively little about the effects that nutrition during this time can have on behavior later in life. The present study adds to the growing literature suggesting that the type of diet offered to dams during pregnancy or while nursing can have long-lasting effects on the body weight and behaviors exhibited by the offspring. In particular, the findings from this study suggest that rats exposed to a HFD in utero, compared to a balanced diet, weigh more as adults, have higher levels of triglycerides, and drink more alcohol. Further, rats exposed prenatally to sucrose or HFCS also weigh more but have normal levels of circulating lipids, and they exhibit an increase in both alcohol intake and amphetamineinduced locomotor activity. This stimulatory effect on body weight and responsiveness to amphetamine is also seen after exposure to HFCS or sucrose during the pre-weaning period. This suggests that access to highly palatable foods during critical developmental periods can have long-lasting effects on offspring ingestive behavior. These data complement earlier findings, which show that maternal obesity Fig. 6 . Alcohol intake of rats from Exp. 2. Female rats exposed to sucrose or HFCS in utero, compared to controls, consumed more alcohol during the 12-h access period at the 9%, 10% and 12% concentrations. *p b 0.05, error is SEM. Fig. 7 . Locomotor activity in response to an amphetamine challenge in male offspring. Rats exposed to HFCS or sucrose in utero or during the pre-weaning period were hyperactive following a 0.5 mg/kg dose of amphetamine, relative to controls. *pb 0.05, error is SEM.
or excess fat intake can promote increased body weight in the offspring, as well as increase preference for palatable foods [7] [8] [9] [10] [11] [12] [13] 19, 20] . They also provide additional behavioral support for the alterations in brainreward regions that have previously been reported in offspring exposed to highly-palatable diets in utero [10, [15] [16] [17] [18] 21, 22] .
4.1. Palatable-diet exposure in utero or during pre-weaning affects the body weight of the offspring Both under-and over-nutrition during the perinatal period are risk factors for the development of obesity and metabolic syndrome in adulthood [36] , and likewise, low body weight at birth has been associated with increased risk for metabolic syndrome and obesity later in life [37, 38] . In the present study, we observed selected decreases in pre-weaning body weights. In Exp. 2, despite the fact that dams were maintained on calorically-sufficient, nutritionallycomplete diets during pregnancy and nursing, female offspring born to dams fed HFCS or sucrose, or nursed by HFCS dams, had low body weights compared to chow-fed rats at P15. This effect of perinatal diet leading to decreased pre-weaning body weights has been reported by others in the offspring of animals nursed by "junkfood"-consuming dams [11, 21] . Some of the dams consuming sucrose or HFCS may have, in fact, been undernourished, given their depressed daily caloric intake of the nutritionally-complete rodent chow compounded by the large proportion of calories derived from the sugar supplement. It has been suggested that decreased preweaning bodyweight might be driven by decreased protein intake, which has been linked to lower birth weight as well as perturbations in mesocortical-DA controlled behaviors [38, 39] . By decreasing daily chow intake to compensate for increased calories obtained from sugar, the dams in Exp. 2 were essentially decreasing their protein intake, potentially contributing to the low body weights observed prior to weaning. This idea that the supplemental sugar access may result in a nutrient deficiency is further supported by the findings from Exp. 1, showing that the offspring of dams consuming a nutritionally-complete, fat-rich diet maintained normal body weights prior to weaning.
It is interesting that this effect of diet-induced, low pre-weaning weight was seen only in the female offspring. Most of the male offspring from Exp. 2 were, in fact, heavy prior to weaning and into adulthood compared to offspring with prenatal and pre-weaning exposure to chow. Studies suggest that there are sex-dependent differences in the metabolic adaptations to diet in utero. Recently, it has been shown that female offspring are more vulnerable to the adverse, long-term consequences of low body weight at birth [40] . Also, early work showed that prenatal undernutrition at select times during gestation can produce delayed-onset obesity in male offspring but not females [4] . Thus, there appear to be sex-dependent as well as gestational-timedependent differences in the effects of diet during the perinatal period, underscoring the role of sex in the transmission and inheritance of traits that are generated in the perinatal environment [41] .
Despite the fact that pre-weaning body weights were normal in the rats from Exp. 1 on a HFD, the offspring were significantly heavier as adults compared to the offspring of the control-fed dams. This is in alignment with the literature, which reports a HFD during the perinatal period leading to increased body weight later in life, preference for highfat foods, and alterations in reward-related gene expression [7, 10, 19] . Later on, as adults, some groups from Exp. 2, exposed to sucrose in utero or nursed by HFCS-fed dams, were also overweight compared to controls, underscoring that sugar-rich food can also promote obesity later in life. Collectively, these studies and the present findings suggest that there may be multiple mechanisms through which diet during the perinatal period can promote increased body weight later in life. Maternal nutrition-deficiency could decrease pre-weaning body weight, while HFD exposure could induce brain changes that lead to hedonicallydriven, food seeking later in life.
4.2. Palatable-diet exposure in utero or during pre-weaning affects triglyceride levels, HFD and alcohol intake in offspring In Exp. 1, HFD in utero was associated with increased triglyceride levels in the offspring. Hyperlipidemia is a symptom of metabolic syndrome and often seen in obesity [42] . Further, increased triglyceride levels have been reported in adult animals consuming a highlypalatable diet [43] , as well as in the offspring of obese dams or those consuming an energy-rich diet [10] . The rats exposed to HFD in utero consumed more HFD in acute tests than those exposed to a control diet. The increased intake of HFD supports the findings of previous studies, in which a palatable diet in utero can stimulate preference for palatable foods later in life [10, 11, 19, 20] and even increase milk consumption in nursing pups [45] . Another explanation for the changes in triglyceride levels seen in Exp. 1 could be related to alcohol consumption. The rats exposed to HFD in utero also consumed more alcohol than those exposed to a control diet. There is a relationship between alcohol intake, triglyceride levels, and HFD intake. Alcohol intake can itself increase circulating triglyceride levels [33] , and triglyceride-attenuating drugs can suppress alcohol intake [32] . Further, a HFD can promote alcohol intake, and this is associated with increased triglyceride levels and changes in hypothalamic orexigenic peptides [33] . Of particular relevance to the findings in the present study is the evidence that HFD in utero results in increased triglycerides, as well as the proliferation and differentiation of neurons and their migration toward hypothalamic areas where ultimately a greater proportion of the new neurons express orexigenic peptides [10] . While the present study does not allow us to determine whether the elevated triglycerides are due to the in utero HFD exposure or to alcohol intake later in life, the existing literature leads us to hypothesize a HFD-induced increase in triglycerides may contribute to increased future alcohol intake. Since the offspring exposed to HFCS or sucrose failed to exhibit any change in triglycerides, however, other mechanisms, perhaps related to changes in dopamine (DA) and the opioids [19] , may also be involved in promoting alcohol intake.
4.3. Palatable-diet exposure in utero or during pre-weaning is associated with sensitivity to amphetamine In Exp. 2, male rats with prenatal or pre-weaning exposure to HFCS or sucrose were hyperactive in response to a low dose of the dopaminergic agonist, amphetamine. This finding suggests a functional application to the studies revealing neurochemical alterations in the offspring of dams consuming a highly palatable diet. These include: (1) increased mRNA expression of the μ-opioid receptor and decreased levels of dopamine reuptake transporter (DAT) in the mesolimbic brain regions [21] ; (2) increased tyrosine hydroxylase expression in the ventral tegmental area (VTA) and nucleus accumbens (NAc) and increased DA and metabolite contents in the NAc [22] ; and (3) increased expression of both μ-opioid receptor and preproenkephalin in the NAc, prefrontal cortex, and hypothalamus in the brains of offspring from dams that consumed palatable, high-fat diets [19] . Further, the findings of Exp. 2 complement previous studies, which have noted that maternal obesity leads to hyperactivity in the offspring [46] and protein restriction (as discussed above) in utero and during the pre-weaning stage leads to hyperactivity and increased cocaine-induced locomotion [39] . Conversely, Naef et al. [22] found that dams with a HFD only during the final week of gestation and the pre-weaning period produced offspring that showed reduced amphetamine-precipitated locomotor activity but increased DA and DOPAC levels in the NAc. In another study, Naef et al. [44] reported that animals born to HFD dams are more sensitive than controls to quinpirole (a selective D2/3 receptor agonist), following the initial, immediate inhibitory locomotor effect. While it is clear that the exact mechanisms underlying prenatal effects of diet on the mesolimbic DA system require further investigation, it is important to note that the previous studies have investigated fat-rich diets, while the current study examined dams consuming sugar-rich diets. Since it has been shown that fats vs. sugar-rich foods can differentially affect reward-related behavior (e.g., aspects of addiction) [28] , the nutrient used in the studies described above may potentially be driving the observed differences.
Differences between HFCS and sucrose
In Exp. 2, we tested the effects of two different sugars, sucrose and HFCS, on behaviors that result from gestational or pre-weaning exposure. Sugar-sweetened beverage consumption is on the rise and has been linked to the obesity epidemic [47] , and excessive intake of sugar may produce a state that behaviorally and neurochemically resembles an "addiction," which may make consumption of sweet foods difficult to curtail for some individuals [49, 50] . Further, the intake of sweet foods in obese women is the strongest predictor of offspring body weight [48] . In adult animals, limited daily access to a supplement of HFCS for 8 weeks results in increased body weight compared to sucrose-supplemented rats, and this increase in body weight is not accounted for by hyperphagia [29] . Similarly, a clinical study revealed that HFCS-sweetened beverages result in different acute metabolic effects compared with sucrose, including increased levels of serum uric acid, systolic blood pressure, and the relative bioavailability of glucose [30] . However, in the present study, there were negligible behavioral differences observed in the gestational or pre-weaning effects of these sugars. Of note, sucrose-consuming dams ingested more total kcals than both chow-fed or HFCS-fed dams, and male offspring nursed by HFCS-consuming dams had elevated triglyceride levels. Thus, both HFCS and sucrose exposure during the perinatal period can affect body weight, alcohol intake and amphetamineinduced locomotor activity.
Conclusions
The majority of women who are at child-bearing age are overweight, and this is mostly due to overeating. Thus, it is important to understand the effects that ubiquitous, highly palatable foods can have on the health and well-being of offspring that are exposed to such diets in utero and/or after parturition. Further, increasing rates of prenatal and childhood obesity, as well as the rise in the number of youths abusing drugs and alcohol, warrants further investigation into the potential etiology of this growing problem. The current study supports the existing literature on the changes in body weight and diet preference in the offspring of dams consuming a HFD. Further, it reveals enhanced sensitivity, susceptibility and intake of some drugs of abuse and assesses different types of sweeteners that are prevalent in today's eating environment. These results may have implications for suggested prenatal diets in clinical populations.
